We have examined the growth properties of polyomavirus large T-antigen mutants that are unable to bind pRB, the product of the retinoblastoma tumor suppressor gene. These mutants grow Interactions between viral products encoded by DNA tumor viruses and tumor suppressor gene products of the cell are now widely recognized. Thus, human adenovirus ElA proteins, simian virus 40 (SV40) and polyomavirus large T antigens, and the E7 proteins of high-risk human papillomavirus types 16 and 18 (HPV-16 and HPV-18) all form stable complexes with pRB, the product of the retinoblastoma tumor suppressor gene (7, 10, 30, 44) . Similarly, large T of SV40 (but apparently not polyomavirus) and adenovirus E1B proteins form complexes with p53 (37), while the E6 gene products of HPV-16 and HPV-18 cause the rapid degradation of p53 (39, 43) . In most cases, the importance of these interactions has been established through correlations with cell transformation (4, 7, 12, 45, 47) and, in the case of papillomaviruses, with associated risk of progression of cervical papillomas to invasive carcinomas (31, 38). Little information is available, however, concerning the roles that such virus-host gene interactions play in productive infection by these viruses.
Interactions between viral products encoded by DNA tumor viruses and tumor suppressor gene products of the cell are now widely recognized. Thus, human adenovirus ElA proteins, simian virus 40 (SV40) and polyomavirus large T antigens, and the E7 proteins of high-risk human papillomavirus types 16 and 18 (HPV-16 and HPV-18) all form stable complexes with pRB, the product of the retinoblastoma tumor suppressor gene (7, 10, 30, 44) . Similarly, large T of SV40 (but apparently not polyomavirus) and adenovirus E1B proteins form complexes with p53 (37) , while the E6 gene products of HPV-16 and HPV-18 cause the rapid degradation of p53 (39, 43) . In most cases, the importance of these interactions has been established through correlations with cell transformation (4, 7, 12, 45, 47) and, in the case of papillomaviruses, with associated risk of progression of cervical papillomas to invasive carcinomas (31, 38) . Little information is available, however, concerning the roles that such virus-host gene interactions play in productive infection by these viruses.
The role of pRB binding by polyomavirus large T in cell transformation and tumor induction has been investigated previously, using virus mutants specifically altered in this function. These mutants were able to transform primary as well as established cells in culture and to induce a variety of tumor types in mice (15) , although they were deficient in immortalization by several different assays (15, 20, 26) . During studies of these mutants, an unusual property was noted: high-titer mutant virus stocks could readily be produced on NIH 3T3 cells but not on primary baby mouse kidney (BMK) epithelial cells, which are normally the preferred host for growing high-titer polyomavirus. The basis for this altered host range and the significance of polyomavirus large T-pRB interaction in productive viral infection is the focus of the current investigation. An extended analysis has shown that the host range of pRB-binding mutants is determined by expression of functional pRB by the host. Induction of host DNA synthesis and timely synthesis of viral DNA in BMK cells requires wild-type large T capable of binding pRB. Thus, hr-t and other nontransforming mutants which are defective in middle T function(s) but encode normal large T are fully capable of inducing cellular DNA synthesis in resting BMK cells, while pRBbinding mutants which retain transforming ability are not.
MATERIALS AND METHODS
Cells and viruses. The wild-type high-tumor polyomavirus strain PTA (6) was used to derive the mutant polyomaviruses RB1 and RB2 by site-directed mutagenesis (15) . Mutant RB1 contains a single-site mutation in large T which changes the cysteine at amino acid position 144 to glycine. Mutant RB2 contains an alanine instead of glutamic acid at position 146. Neither of these mutations affects the overlapping middle T reading frame. The large T antigens of RB1 and RB2 fail to associate with pRB in both in vitro and in vivo binding assays (15) .
Primary cultures of BMK epithelial cells were prepared and maintained as described previously (46 (24) . DNAs were extracted from each embryo and genotyped as described previously (24) . The established cell line NMuMG, obtained from American Type Culture Collection, is an epithelial line derived from mouse mammary gland, and the NIH 3T3 cell line is a mouse fibroblast line of embryonic origin.
NMuMG-hRB and NIH 3T3-hRB cell lines expressing the human RB gene were obtained by cotransfection with human RB cDNA inserted into the pSG5 mammalian expression vector (obtained from J. DeCaprio [34] ) together with pSV2-neo, using the calcium phosphate method (36 (35) . DNA was purified from the extracts by incubation with 100 jig of proteinase K per ml for 1 h at 50°C followed by phenol-chloroform extraction. After denaturation in 0.3 M NaOH at 60°C for 1 h, the pH was neutralized with an equal volume of 2 M ammonium acetate, and the DNA was blotted to a nylon membrane by using a slot blot apparatus. The DNA was fixed to the membrane with UV light and probed with nick-translated polyomavirus DNA as previously described (8) . Quantitation of viral DNA was determined by measuring the amount of hybridized 32p, using liquid scintillation counting.
To determine the amount of early and late gene expression, lysed cells were cleared by centrifugation, and an aliquot of total protein resolved by SDS-polyacrylamide gel electrophoresis. The protein was transferred to nitrocellulose, and viral gene products were visualized by immunoblotting as previously described (42) . LT1, a monoclonal antibody which recognizes large T, and a rabbit antiserum raised against purified recombinant VP1 were used as primary antibodies, with 1251I-labeled second antibodies.
Northern (RNA) blot analysis. Total RNA was isolated from PTA-infected, RB1-infected, or mock-infected BMK and NIH 3T3 cells 24 to 31 h postinfection by the guanidine thiocyanate method (36) . Ten micrograms of RNA was separated by electrophoresis on a 1.2% formaldehyde agarose gel and transferred to a nylon membrane. Cloned thymidine kinase (tk) cDNA was obtained from the American Type Culture Collection and labeled with 32P by the random priming method (Boehringer Mannheim). The hybridization and washing conditions were as previously described (8) . The specific RNAs were visualized by autoradiography.
Induction of cellular DNA synthesis. To remove mitogens in serum present in crude virus stocks, virus was first pelleted and resuspended in PBS containing 0.5% bovine serum albumin. Resting BMK cells were infected at an MOI of 2 to 5 PFU per cell. At 36 h postinfection, cells were trypsinized, spun down, and resuspended in 70% ethanol. Fixed cells were stained with mithramycin, and DNA content was measured by flow cytometry at 457 nm as described previously (5). RESULTS pRB-binding mutants have a restricted host range. Wildtype polyomavirus productively infects a variety of mouse cells in culture, including primary and established cells of both epithelial and fibroblast origin. Two mutant polyomaviruses, RB1 and RB2, have been made with single amino acid substitutions in large T that prevent binding to pRB (15) . Initial attempts to grow these mutants on primary BMK epithelial cells failed, although the mutants grew to high titer on NIH 3T3 fibroblasts. Figure 1 shows results of a test comparing the abilities of the wild-type strain PTA and the two mutants to induce CPE on BMK and NIH 3T3 cells. At 96 h postinfection, mutant-as well as wild-type-infected NIH 3T3 cultures showed loss of cells from the monolayer and extensive CPE. In sharp contrast, BMK cells infected with either of the mutant viruses showed little or no CPE. These results suggest that the pRB-binding mutants fail to grow, or grow very poorly, on primary kidney epithelial cells but grow well on established fibroblasts.
To further characterize and quantitate the growth properties of the RB-binding mutants, single-cycle burst analyses were (Fig. 2) . Data in Table 3 shows that burst sizes of mutant RB1 were approximately 30-fold lower on the human pRB-expressing cells (P = 0.03 to 0.04) than on the parental cells (P = 1.0), while those of the wild-type virus were essentially the same regardless of human pRB expression. Thus, expression of wild-type pRB alone is sufficient to restrict the growth of the polyomavirus mutants. expression were monitored. BMK cells were infected with polyomavirus strain PTA or mutant RB1 at the same MOI, and cultures were harvested every 6 h. Figure 4 shows a slot blot analysis and quantitation of viral DNA accumulation. Viral DNA synthesis is first detected in wild-type-infected cultures approximately 18 h after infection and increases steadily up to around 48 h postinfection, after which the lytic effects of the virus become apparent. In mutant-infected cells, viral DNA synthesis is delayed and accumulation fails to peak during the 72 h of the experiment. The difference in the total amount of viral DNA accumulated over 72 or 96 h between wild-type polyomavirus and mutant RB1 is roughly 2-to 3-fold and clearly not enough to explain the 20-to 100-fold differences in yields of infectious virus (Table 1) .
3T3
Western blot analysis for large T showed kinetics of accumulation roughly parallel to that of viral DNA. Large T accumulated in wild-type-infected BMK cells beginning 6 to 12 h postinfection and reached a maximum at about 42 h. Mutant-infected cells showed delayed synthesis and slower accumulation of large T, beginning at 12 h and leveling off at 48 h postinfection (Fig. 5A) . When BMK cells were infected in the presence of cytosine arabinoside to inhibit DNA synthesis, wild-type-and mutant-infected cells showed similar kinetics of large T accumulation, beginning at 12 h postinfection and leveling off at 48 h postinfection (data not shown). These results indicate that large T synthesis per se, and probably early transcription, is not visibly affected by the mutations affecting pRB interaction. (2) and 808A (27) are nontransforming mutants. NG-59 is an hr-t mutant with defects in small and middle T; 808A is a site-directed mutant which expresses large and small T but no middle T.
Figure 5B shows the accumulation of VP1 in mutant-and wild-type-infected BMK cells. The synthesis of VP1 is first apparent in both PTA-and RB1-infected cells at 24 h postinfection; thereafter, the levels of VP1 follow roughly the levels of viral DNA, for both wild-type-and mutant-infected cells. Most Table 5 show that RB1 is unique among the mutants tested in failing to cause loss of cells from G1 and accumulation in S. Similar results were obtained with each of the pRB-binding mutants; no significant stimulation of cellular DNA synthesis was seen by either mutant even at times as late as 55 h postinfection (data not shown).
pRB associates with the transcription factor E2F during the G1 phase of the cell cycle, negatively regulating its function (1, 3, 23, 32) . Several enzymes involved in DNA synthesis, including thymidine kinase, DNA polymerase cx, ribonucleotide reductase, and dihydrofolate reductase (DHFR), as well as c-myc, are regulated by E2F and are induced in late G1 and early S (32) . We examined transcription of the tk gene in BMK and NIH 3T3 cells after virus infection. Cells were infected with strain PTA or mutant RB1 at the same MOI, and RNA was isolated approximately 30 h postinfection. Figure 6 shows the results of Northern blots probed with radiolabeled tk DNA. tk RNA is induced in BMK cells infected by wild-type virus but not in RB1-or mock-infected cells; these results are in agreement with those of others showing a dependence of tk induction on wild-type large T-pRB interaction (28, 33 (18, 41, 48) , and a role of middle T at a late stage of the cycle involving VP1 phosphorylation and virus assembly (16, 17) .
The ability of wild-type polyomavirus to induce cellular DNA synthesis during lytic infection is a long-standing observation of great interest (9) . Although thought initially to reflect a viral function linked to cell transformation, it was later shown through studies of hr-t mutants that this ability could be separated from that of transformation (40) . Indeed, both hr-t and ts-a mutants (14) , representing distinct classes of transformation-defective mutants with alterations in middle (and small) T and large T, respectively, retain the ability to induce cellular DNA synthesis. The demonstration that large T-pRB interaction is the critical function for induction of cell DNA synthesis falls very much in line with what is currently known about the function of pRB in cell cycle control. It is less obvious, however, why this interaction is dispensable for cell transformation and tumor induction by the virus, as well as for virus growth in the neonatally infected mouse (15) . The latter observation implies that pRB is not a predominant negative regulator of growth in many cell types of the newborn mouse.
A variety of experimental approaches have been used to show that the conditional growth properties of pRB-binding mutants in cell culture reflect the presence or absence of expression of functional pRB by the host. The (29) , specific complexes between E2F and pRB are not seen (31a) . Establishment of murine cell lines may therefore involve partial or complete loss of pRB function, in a manner similar to that shown for p53 (22) .
The finding that pRB-binding polyomavirus mutants have a host range determined by expression of the targeted tumor suppressor gene in the host raises the possibility that a systematic study of virus host range might help to uncover other host genes that act negatively in regulating cell cycle progression and that are potentially new tumor suppressor genes. The ability of certain viruses to grow on normal cells may well depend on their ability to counteract negative restraints on cell growth. Virus mutants defective in inducing cell cycle activation or progression would be able to grow well only in those cells that have lost the growth-restraining function(s). Tumor cells, particularly those of spontaneous or unknown origin, would be good candidates for permissive hosts in such a search.
